ABSTRACT: Redox-active tryptophans are important in biological electron transfer and redox biochemistry. Proteins can tune the electron transfer kinetics and redox potentials of tryptophan via control of the protonation state and the hydrogen-bond strength. We examine the local environment of two neutral tryptophan radicals (Trp108 on the solvent-exposed surface and Trp48 buried in the hydrophobic core) in two azurin variants. Ultrahigh-field EPR spectroscopy at 700 GHz and 25 T allowed complete resolution of all of the principal components of the g tensors of the two radicals and revealed significant differences in the g tensor anisotropies. The spectra together with 2 H EN-DOR spectra and supporting DFT calculations show that the g tensor anisotropy is directly diagnostic of the presence or absence as well as the strength of a hydrogen bond to the indole nitrogen. The approach is a powerful one for identifying and characterizing hydrogen bonds that are critical in the regulation of tryptophan-assisted electron transfer and tryptophan-mediated redox chemistry in proteins.
R edox-active tryptophans play important roles in proteins. They serve as relays in long-range electron transfer, e.g., in photolyases 1 and cryptochromes 2 as well as in engineered proteins. 3À5 In cytochrome c peroxidase and related enzymes, oxidized tryptophans located near the heme active sites provide a strong oxidation equivalent. 6, 7 In some peroxidases with ligninolytic activity, 8 surface-exposed tryptophans are the active highpotential oxidants that enable degradation of the recalcitrant substrate lignin. This functionality can be engineered into other peroxidases 9 by incorporating the tryptophan and its binding pocket.
The pH-dependent redox potential of tryptophan (TrpH) is ∼1.0 V at pH 7, ∼0.1 V above that of tyrosine. 10 Upon oxidation of TrpH, the pK a of the hydrogen at the indole nitrogen N1 drops from ∼17 in TrpH to ∼4 in the cation radical Trp
• H + . As a consequence, oxidation in nonacidic environments is accompanied or followed by deprotonation, 11 resulting in the neutral radical Trp
• . Proteins can adjust the reactivity of the Trp radical by controlling this deprotonation. Finer control over the thermodynamic and kinetic behavior of TrpH oxidation, which is especially important in electron transfer, can be accomplished by providing hydrogen-bonding partners to N1 and varying the strength of the available H-bonds.
Unlike in tyrosyl radicals, 4,12À16 hydrogen bonds are difficult to observe directly in oxidized Trp, 17, 18 and consequently, little is known about their impact on Trp reactivity. Here we show that the H-bond environment can be directly identified via the magnetic structure of the Trp radicals. We have found that the anisotropy of the g tensors of the Trp radicals, which can be resolved using ultrahigh-field electron paramagnetic resonance (EPR) spectroscopy, reveals the presence or absence as well as the strength of an H-bond to the indole nitrogen.
For this study, model tryptophan radicals photogenerated in two different variants of the copper protein azurin were used. 18 In a tyrosine-depleted azurin mutant (AzC), direct photoexcitation of the native Trp48 in the hydrophobic core of the protein induces intraprotein electron transfer over 10 Å to Cu(II) combined with deprotonation of the indole nitrogen, resulting in a neutral Trp
• radical. 18 In another modified azurin (ReAzS), the surface-exposed non-native Trp108 is situated in a hydrophilic environment and can be oxidized via a Re(I) phototrigger attached to His107. 18, 19 After deprotonation, a neutral Trp • radical is generated. The two radicals are located in different environments, which affect their spectroscopic properties. Figure 1 shows the X-band EPR spectra of the two Trp radicals. Both saturate easily, and lower temperatures or higher microwave power levels lead to broadening [see the Supporting Information (SI)]. The spectra are rich in hyperfine structure and can be simulated as neutral Trp
• radicals. The hyperfine parameters compare well with those from a previous report 18 and those of Trp
• in RNR mutants 17, 20, 21 and versatile peroxidases.
22À24
The radicals are not cationic Trp
, as observed in cytochrome c peroxidase 6 and in acidic aqueous solution, 25, 26 since the spectra show only miniscule changes upon 1 H/ 2 H exchange and the 1 H electronÀnuclear double resonance (ENDOR) spectra lack peaks due to a proton at N1 (see the SI). According to the hyperfine couplings, the spin density is mostly concentrated on C3 (∼0.5), N1 (∼0.3), C5, and C7. The difference between the two spectra is largely due to a 10°difference in the dihedral angle χ 2,1 (CαÀCβÀC3ÀC2). The spectra are slightly asymmetric as a result of an unresolved small g tensor anisotropy corresponding to ∼0.2 mT.
The g tensor anisotropy can be resolved using high-field EPR spectroscopy. For tyrosyl radicals with their larger g anisotropy, 95 GHz/3.3 T is sufficient, 27 but Trp radical g tensors are less anisotropic and are only partially resolved even at 285 GHz/10.2 T. 9, 19, 28 The separation of the features corresponding to the three principal g values is complete only at ultrahigh fields and frequencies (25 T, 700 GHz), 29À31 as shown in Figure 2 . The values, calibrated against an atomic H standard, 32 are (g x , g y , g z ) = (2.00346, 2.00264, 2.00216) for ReAzS-Trp108 and (2.00361, 2.00270, 2.00215) for AzC-Trp48. The Trp48 g tensor is similar to the earlier one derived from a partially resolved 285 GHz spectrum. 19 The high-resolution spectra shown in Figure 2 were measured at the highest field and frequency achieved to date for organic radicals. The hyperfine structure was lost because of magnetic field inhomogeneity.
What causes the difference in the g tensors? Density functional theory (DFT) indicates that the dihedral angle χ 2,1 can affect the g tensor by modulating the spin density at N1 (see the SI). However, the χ 2,1 values for the two radicals are similar, and this explanation can only account for about a sixth of the observed difference g x À g z . The other major structural determinant in the microenvironment is the presence or absence of a hydrogen bond to the indole nitrogen. The crystal structure of ReAzS (PDB entry 1R1C) shows the partial presence of a water oxygen atom 2.3 Å from N1 of nonoxidized Trp108. Assuming a NÀH distance of 1.0 Å implies a (N)H 3 3 3 O distance of 1.3 Å, indicative of a strong H-bond. 33 Whether this H-bond persists after oxidation is unknown. Its presence in the radical form (as N 3 3 3 HX) in solution was inferred from the frequency of the W17 mode of the radical as measured by resonance Raman spectroscopy. 18 Also, upon 1 H/ 2 H exchange, the X-band EPR spectrum of Trp108 sharpens slightly, and its 1 H ENDOR spectrum shows distinctive loss of signal around the 1 H Larmor frequency (see the SI), both suggesting the presence of an H-bond. However, the aforementioned facts constitute only indirect evidence for an H-bond.
Direct evidence for the H-bond to the Trp108 radical is seen in the 2 H ENDOR spectrum of a sample prepared in 2 H 2 O (Figure 3 top) , which shows a signal from a fairly strongly coupled 2 H. Simulation gave a 2 H quadrupole coupling constant e 2 qQ/h = 0.16(1) MHz, which is smaller than that in 2 H 2 O ice (0.2134 MHz) 34 but similar to that in 2 H-bonded semiquinone or tyrosyl radicals. 35À39 The coupling constant is consistent with the deuteron participating in an H-bond to N1. The asymmetry of the quadrupole tensor, η = 0.10(2), is typical for water ( 2 H 2 O: 0.112) and suggests water as the H-bond partner. The 2 H hyperfine tensor with principal values (a iso À T, a iso À T, a iso + 2T) is approximately axial with an isotropic component a iso = 0.03(2) MHz and a dipolar component T = 0.36(3) MHz. The very small a iso indicates a spin population of (0.03)(6.511)/1420 ≈ 0.1% on the hydrogen, again consistent with a noncovalent H-bond. From T and a typical spin population of ∼0.3 on the indole nitrogen, a N 3 3 3 H distance of ∼2 Å can be estimated.
In contrast to Trp108, the 
Journal of the American Chemical Society
COMMUNICATION close to the Trp radical. The 0.3 MHz total width of the observed 2 H matrix peak implies T < 0.08 MHz, meaning that the closest deuteron is at least 3 Å away from the indole nitrogen. Consequently, Trp48 is not H-bonded. We cannot logically eliminate the possibility that the 1 H released by Trp48 after oxidation remains H-bonded to N1 and does not exchange with the solvent in the time before the freeze-quench (∼1 min). However, this is unlikely since (a) there are no potential H-bond partners in the immediate vicinity of the Trp48 indole nitrogen and (b) the shifts in several Raman modes relative to Trp108 corroborate the absence of an H-bond. 18 Collectively, the 2 H ENDOR data show that the significant difference in the two g tensors correlates with the absence or presence of an H-bond. Figure 4 compares the two measured g tensors to DFTpredicted g tensors of the isolated neutral, H-bonded neutral, and isolated cation radicals of 3-methylindole (see the SI). 41 The experimentally observed trend is reproduced: In the absence of a hydrogen bond, the g tensor is most anisotropic with the largest span, g x À g z , and the smallest skew, (g x À g y )/(g x À g z ). With an H-bond, the span shrinks substantially as a result of the decreased g x value. DFT predicts that the span would be smallest and the skew largest in the protonated cation radical. The agreement between theory and experiment indicates that the H-bond is responsible for the decrease in g anisotropy in Trp108 relative to Trp48 and that other local effects on the g tensor (from χ 2,1 , interactions with the π spin density, etc.) are most likely insignificant. It should be noted that in contrast to 2 H ENDOR, the g tensor anisotropy can reveal the absence of an H-bond, not only its presence. Figure 4 includes the few other (less accurately) known Trp g tensors, 9, 17, 20, 22, 23, 28, 40 which have g x À g z values between 0.0012 and 0.0014. These values are similar to the span of Trp108 and clearly smaller than that of Trp48, indicating that all of these Trp radicals are H-bonded, with possible exception of the one in KatG. Among H-bonded radicals, the variation in g x À g z might report on the strength of the H-bond.
The trend in Figure 4 can be rationalized on the basis of a peratom breakdown of the DFT-predicted g tensors. 42 On each atom, the g shifts Δg x,y,z = g x,y,z À g e depend on the spin population and spinÀorbit coupling and originate from excitations of electrons between filled and half-filled orbitals perpendicular to the magnetic field axis. 17, 27 In the isolated neutral radical, the g x shift Δg x = g x À g e is dominated by the contribution from N1 (80%), with a small contribution (10%) from C3, the other atom with a large spin population. Upon H-bonding, the N1 contribution to Δg x decreases, whereas the C3 contribution remains unchanged. H-bonding lowers the energy of the nonbonding MO that contains the in-plane lone-pair orbital on N1, resulting in an increased energy gap to the singly occupied molecular orbital (SOMO) and thus to a decreased g shift along a direction (denoted x) perpendicular to both the N1 lone-pair orbital and the SOMO. The computed N1 spin populations do not vary significantly with H-bonding, although the experimental N1 hyperfine couplings indicate that the N1 spin density in Trp108 is lower than that in Trp48. The value of Δg y is less sensitive to H-bonding. It is a sum over several atomic contributions (from N1, C2, C3, C5, and C7) with similar magnitudes but different signs. Upon variation of the H-bonding, these contributions all undergo small changes that are mostly due to shifts in the spin density distribution, giving in toto only a small change in Δg y . The deviations of g z from g e are negligibly small. The g tensor anisotropies of all Trp radicals are much smaller than those of tyrosyl radicals (TyrO • ), which have g x À g z = 0.004 to 0.007 depending on the presence of H-bonds to the phenoxy oxygen. 16, 27 This is a consequence of the smaller charge and spinÀorbit coupling of the nitrogen nucleus in Trp
• relative to oxygen in TyrO
To summarize: (1) By employing EPR spectroscopy at ultrahigh field and frequency, we could completely resolve the very small g anisotropies of two model Trp radicals. The anisotropies of the two g tensors differ substantially. (2) 2 H ENDOR spectra showed the presence of a hydrogen bond to Trp108 but none to Trp48. (3) The experimental findings, in tandem with DFT calculations, established a clear correlation between the g tensor and the H-bond properties of Trp radicals: smaller g anisotropy indicates a H-bond to the indole nitrogen, whereas larger g anisotropy indicates the absence of a H-bond. (4) We expect this correlation to be helpful in identifying H-bonds and studying their role in the regulation of tryptophan-assisted electron transfer in proteins and tryptophan-mediated redox chemistry, which are both crucial in a variety of natural processes such as DNA repair and the biodegradation of lignin. A clear understanding of H-bonding to tryptophans is also essential for deploying them as components in engineered proteins and enzymes.
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